Background: We examined the effects of mobility and cognition on maintenance of independence among women in late life. Methods: Prospective 5-year study of 1,010 independent community-dwelling women (mean age 88.0 years) participating in the Study of Osteoporotic Fractures Year 20 examination (2006)(2007)(2008). Mobility, ascertained by walk speed, was categorized as good (≥0.9 m/s), intermediate (>0.6 m/s to <0.9 m/s), or poor (≤0.6 m/s). Cognitive status, adjudicated based on neuropsychological tests, was classified as normal or impaired (mild cognitive impairment or dementia). Loss of independence was defined as being unable to perform ≥2 activities of daily living or nursing home residence at 5-year follow-up. Possible outcomes were alive and independent, alive and dependent, and deceased. Results: Four hundred and twenty-three (41.9%) participants were independent at follow-up, whereas 208 (20.6%) were alive but dependent; 379 (37.5%) had died. Compared to women with good mobility, those with slow walk speed were less likely to be independent (risk ratio, [RR] 0.40, 95% confidence interval [CI] 0.29-0.52), after controlling for cognition and other risk factors. Similarly, those with impaired cognition were less likely to be independent, after controlling for walk speed and other risk factors (RR 0.60,. Women with slow walk speed and impaired cognition were 6-fold less likely to be independent at follow-up compared to those with good walk speed and normal cognition (RR 0.15, 95% CI 0.08-0.23). Conclusions: Both mobility and cognition are associated with maintenance of independence among the oldest old of women even after accounting for each other and other conventional predictors.
As life-expectancy for older Americans increases, the oldest oldpeople aged ≥85 years-constitute the fasting growing segment of the United States (US) population (1) . There are an estimated six million people in the US who are ≥85 (2) , and it is likely that this population segment will number 19 million by 2050. The goal of many as they age is to remain healthy, independent, and productive as possible. Thus, living independently and free of major disability are common to most definitions of successful aging (3, 4) , although alternate definitions exist (5) .
Previous studies have examined late-life risk factors associated with survival (6) (7) (8) (9) (10) (11) , but less is known about predictors of independence and survival free of major disability, particularly for those ≥85 years. Some studies have focused on specific diseases and behaviors and their contribution to the risk of disability, whereas others have examined impairments in mobility and cognitionboth common in late life-as separate predictors of future disability (12) (13) (14) (15) (16) (17) (18) . Less is known about the combined effects of mobility and cognitive function in late life on survival free of major disability or institutionalization. Recent work has suggested that both mobility and cognition are associated with mortality, hospitalization, and days of hospitalization in women in their 9 th and 10 th decade of life, even after accounting for each other and other conventional predictors (19, 20) . Identification of predictors of major disability or institutionalization in the oldest old would be helpful for those planning to meet the needs of those who require assistance with daily living activities.
To examine the combined effects of mobility and cognition on risk of dependence and disability among the oldest old, we used data from 1,010 community-dwelling women (mean age 88.0 years) participating in the Year 20 (Y20) examination (2006) (2007) (2008) of the Study of Osteoporotic Fractures (SOF) who were followed for 5 years for survival and development of disability.
Methods
Participants From 1986 From -1988 , SOF recruited 9,704 ambulatory women without bilateral hip replacement who were ≥65 years old from population-based listings in four areas of the US: Baltimore County, MD; Minneapolis, MN; Portland, OR; and the Monongahela Valley, PA (17) . At the Year 10 visit conducted between 1997 and 1998, an additional 662 African American women were enrolled in the study.
From 2006 to 2008, all active surviving women at three clinical centers (Minneapolis, Portland, and Pittsburgh) were invited to participate in the Y20 visit. Two thousand three hundred and sixtyeight of the original cohort (92.6% of survivors) had at least minimal information collected at this visit; of these, 1,368 completed an examination which included a battery of lower extremity physical performance and neuropsychological tests. Women were eligible for the present study if at Y20 they were community-dwelling, between 85 and 99 years of age, able to perform all basic activities of daily living (ADL) at the Y20 visit, and had follow-up status available at 5-year follow-up (N = 1,010; Figure 1) .
In a secondary analysis, we included only women adjudicated as having normal cognition or mild cognitive impairment (MCI) at the Y20 visit; 133 were excluded due to being adjudicated as having dementia.
Outcome Measurements
Telephone questionnaires including a functional status assessment were administered to all active participants at 6-month intervals starting in 2009. Participants were queried about their living situation, and their ability to perform basic and independent ADLs. If participants were unable to respond to the telephone questionnaire, a proxy previously identified was contacted to complete the questionnaire.
In particular, participants were asked if they could perform each basic ADL (eating, dressing, bathing, transferring from a bed or chair, and using the toilet) by themselves (without assistance of another person). If they answered affirmatively, they were asked how much difficulty they had performing this task (some difficulty, much difficulty, do not know) (21) .
Participants and proxies were also queried about their living situation. Type of residence was classified as: private home or apartment; senior complex or unit where optional services are provided such as meals or housekeeping but no staff dispenses medications; senior complex or unit where staff dispense medications; facility such as a nursing home where assistance is provided with most or all daily needs. Participants were classified as residing in a nursing home if they or their proxy reported the participant residing in a nursing home at two consecutive telephone questionnaires.
Deaths were ascertained by participant contacts every 6 months with confirmation by death certificates and using vital status information from the 2014 Medicare Master Beneficiary File.
The main outcome status was determined 5 years following the Y20 visit and included three categories. Women were categorized as dependent if they reported being unable to perform two basic ADLs on telephone questionnaires or were living in a nursing home; they were categorized as independent if they were alive at 5 years and not dependent; women who died during the 5-year period were in the remaining category.
Measures of Mobility and Cognition
Walk speed was calculated for each participant by measuring the time in seconds to walk 6 meters at a usual pace expressed as m/s. Walk speeds were divided into three categories: good (≥0.9 m/s), intermediate (>0.6 to <0.9 m/s), and poor (≤0.6 m/s) (10) .
Cognitive function was assessed at Y20 using an expanded neuropsychological test battery including Trails B (22) , the Modified Mini-Mental State (3MS) Examination (23), the California Verbal Learning Test (second edition short form) (24) , Digit Span (from the Wechsler Adult Intelligence Scale-Revised) (25) , and category and verbal fluency tests (26) .
Cognitive impairment was determined in a 2-step process described elsewhere (27) . Women were screened for cognitive impairment at Y20 using the expanded neurological test battery. Women who screened negative were considered to have normal cognition. Women who screened positive had their cognitive status adjudicated by a panel of experts. A diagnosis of dementia was made based on the Diagnostic and Statistical Manual of Mental Disorders, 4 th edition criteria (28) . MCI was diagnosed using a modified Petersen Criteria (29) . Participants were classified as having cognitive impairment if they had a diagnosis of MCI or dementia.
Other Measures
At the Y20 visit, participants completed a questionnaire and were asked about self-reported health, smoking status, and whether they walked for exercise. A medical history was obtained, including a history of stroke, diabetes, Parkinson's disease, Alzheimer's disease, chronic obstructive pulmonary disease, prior fracture, arthritis, coronary heart disease (angina/myocardial infarction), congestive heart failure, and peripheral vascular disease. A comorbidity score for each participant was calculated as the sum of these comorbid conditions (range 0-10). Depressive symptoms were evaluated using the Geriatric Depression Scale (GDS) (30) . Women were classified as married or not married (a category that included widowed, divorced, separated, or never married). Body mass index was calculated using measures of body weight and height. Participants were queried about race/ethnicity and education at the time of initial enrollment in SOF.
Statistical Analysis
Characteristics reported to be related to survival, major disability, or institutionalization were summarized by outcome status at 5 years of follow-up (alive and independent, alive and dependent, deceased) using means and standard deviations for continuous data and counts and percentages for categorical data. We compared characteristics between these three outcomes, using analysis of variance for normally distributed continuous variables; a Kruskal-Wallis test for skewed data; and a Mantel-Haenszel test for categorical data.
Women were classified as having good, intermediate, or poor walking speed (≥0.9 m/s, >0.6 to <0.9 m/s, ≤0.6 m/s) and also classified as having normal or impaired cognition (MCI or dementia). We assessed the effects of mobility while adjusting for cognition and vice-versa (assuming no interaction) on the outcomes of survival, independent living, and dependent living by examining the 5-year risk of each outcome. To assess the interaction of mobility and cognition, we examined the 5-year risk of each outcome according to six distinct combined phenotypes of mobility and cognition (good walk speed/normal cognition, intermediate walk speed/normal cognition, poor walk speed/normal cognition, good walk speed/impaired cognition, intermediate walk speed/impaired cognition, and poor walk speed/impaired cognition). Our outcomes were common, thus odds ratios would not be good approximations of the risk ratios (RRs). Therefore, we computed the RRs from logistic regression models using marginal standardization in order to yield estimates aligned with the target population (31) . We calculated the RR and 95% confidence interval (CI) for (i) survival versus nonsurvival; (ii) living independently versus living dependently or not surviving; and (iii) living independently versus living dependently only among those who survived. Models were then adjusted by covariates that were associated with the outcome in age-and site-adjusted models at p <.10 (full multivariable model: age, site, race, comorbidity score, self-reported health, marital status, GDS, presence of weight loss).
In sensitivity analyses, we excluded women classified as having dementia from the analytic cohort. We also conducted secondary analyses in which we used the score on the 3MS Examination to classify participants as cognitively impaired or not; participants who scored <88 on the 3MS were categorized as cognitively impaired.
Results
Of the 1,010 women included in this analysis, 423 (41.9%) were alive and independent at 5 years of follow-up, whereas 208 (20.6%) were residing in a nursing home or were living in the community but unable to perform ≥2 basic ADLs; 379 (37.5%) had died by 5 years of follow-up. Table 1 and Supplementary Table 1 display the characteristics at Y20 by outcome status 5 years later (alive and independent, alive and dependent, deceased). Women not included in the analysis who had at least minimal information collected at Year 20 (N = 1,358) were generally in poorer health and more likely to be cognitively impaired, compared to those in our analytic cohort (Supplementary Table 2) .
Of the 1,010 women, 270 (26.7%) were classified as having a good walking speed at the Y20 visit, 457 (45.3%) were classified as having an intermediate walking speed, and 283 (28.0%) were classified as having poor walking speed. Six hundred and fifty women (64.4%) had normal cognition, whereas 360 (35.6%) were classified as cognitively impaired. Controlling for cognitive impairment, those with slower walk speed were less likely to be alive or alive and independent in a graded fashion in both the unadjusted and fully adjusted models (Table 2) . For example, compared to those with highest walk speed, those with lowest walk speed were less likely to be alive at follow-up (RR 0.64, 95% CI 0.55-0.73) and less likely to be alive and independent (RR 0.31, 95% CI 0.23-0.39); results were similar after multivariable adjustment. Controlling for walk speed, compared to those with normal cognition, those with MCI/dementia were less likely to be alive at follow-up compared to those with normal cognition (RR 0.74, 95% CI 0.65-0.82) and less likely to be alive and independent (RR 0.56, 95% CI 0.46-0.67); results were similar after multivariable adjustment (Table 3) .
The proportion of participants who were alive and living independently at 5-year follow-up by the six combined phenotypes of mobility and cognition are displayed in Figure 2a . Among women with normal cognition and among women with impaired cognition, those with better mobility were more likely to be living independently at follow-up than those with poorer mobility. Over 70% of women with normal cognition and good mobility were living independently 5 years later, whereas 23.3% of women with normal cognition but poor mobility were still living independently. Of those with impaired cognition, 45.9% of those with good mobility were living independently at follow-up, compared to 11% of those with poor mobility. Figure 2b displays the percentage of women who were living independently at 5-year follow-up among those women who were alive at 5 years. Women with normal walk speed were more likely to be independent at follow-up than those with slower walk speed, and those with poor walk speed and impaired cognition were most likely to be dependent if they were still alive. Table 4 displays the unadjusted RRs for the outcomes of survival, independent living, and independent living among those who survived for the categories of walk speed/cognition combinations; Table 5 displays the RRs adjusted for age, race, site, self-reported health, comorbidity score, marital status, GDS, and weight loss. Results were not substantially altered in the adjusted models. Compared to women with good walk speed and normal cognition, those with poor walk speed and impaired cognition were less likely to be alive at follow-up (RR 0.65, 95% CI 0.51-0.79) and less likely to be independent (RR 0.19, 95% CI 0.09-0.30) after multivariable adjustment; among those alive at 5 years, those with poor walk speed and impaired cognition at the Y20 exam were less likely to be living independently (RR 0.31, 95% CI 0.16-0.46).
In sensitivity analyses, we excluded women adjudicated as having dementia at the Y20 visit. Baseline characteristics of this subset (n = 877) appear in Supplementary Table 3 . Results were similar to the primary analysis, although as expected, a larger proportion of those with MCI only were alive and independent at follow-up compared to the cohort that included those with dementia in the cognitive impairment group (Supplementary Tables 4-8) .
Because the extensive neuropsychological battery performed in the cohort to determine cognitive status may not be feasible in clinical practice, in a secondary analysis we categorized women who scored <88 on the 3MS as cognitively impaired. Results were similar to those in the primary analysis and are displayed in Supplementary Tables 9-12. Adjusted for age, race, site, comorbidity score, self-reported health, marital status, Geriatric Depression Scale, weight loss vs. other, and walk speed category.
Discussion
Our results indicate that mobility and cognition in communitydwelling older women are each strong independent predictors of the maintenance of independence, defined as living in the community and able to perform most basic ADLs without assistance. These effects are independent of each other and other social and health factors associated with survival, disability, or institutionalization in the elderly. In addition, the impacts of deficits in both mobility and cognition are highlighted by our data: 70.8% of those with normal walk speed and cognition were alive and independent 5 years later, whereas only 11% of those with cognitive impairment and the slowest walk speed were still alive and independent, a 6-fold lower probability of independence. Given the high risk for mortality in this age group, we also examined mobility and cognition's prediction of maintenance of independence among those women surviving 5 years. Here too, walk speed and cognition were independent predictors of maintenance of independence and women with normal walk speed and cognition were much more likely to be alive and independent later compared to those with slower walk speed and impaired cognition. In multivariable models controlling for other factors associated with survival and disability, walk speed, and cognitive function remained strong independent predictors of living independently. Of note, the addition of medical comorbidities to the models had little impact on our results, suggesting that chronic health conditions are less important in the prediction of mortality and disability in this age group (8) .
Gait speed has previously been shown to predict survival in older adults, including among those aged ≥85 years (10), as well as subsequent disability (32) and institutionalization (33) . Cognitive function, likewise, predicts survival (20, 34) , institutionalization (35) , and disability (18) . Although prospective studies in community-dwelling aged populations have reported an increased risk of disability among those with MCI and those with dementia, most have not considered the effect of accounting for mobility on the association. Rosano and colleagues, using data from the Cardiovascular Health Study (36) , found that younger older adults (mean age 70.4 years) with slower gait and lower scores on the Digit Symbol Substitution Test were at higher risk of incident disability, defined as difficulty with or inability to perform any basic ADL. Von Bonsdorff and colleagues found that both walk speed and cognitive function were predictors of institutionalization during 10 years of follow-up in a cohort of 75-80 year olds in Finland (n = 476), even after adjusting for number of comorbidities (37). Risk for institutionalization was highest in those with co-occurring mobility limitations and cognitive deficits. Results from the US Longitudinal Study of Aging (38) demonstrated that self-reported physical health and cognitive functioning were predictive of functional decline. Gill and colleagues found that physical performance as measured by 3-timed tests and cognitive status as measured by the Mini-Mental State Examination (MMSE) were independently associated with the development of new dependence in one of seven ADLs in a cohort of community-living older adults (mean age 79.1 ± 5.0 years) followed for 3 years (39); similar to our results, those with the worst physical performance and worst MMSE scores had the highest risk of the development of dependence in one or more ADLs. The present work differs in our definition of dependence, which required dependence in at least 2 ADLs or institutionalization, in the age of our cohort, and in our use of a comprehensive neuropsychological evaluation to define cognitive status.
Maintaining independence is an often cited goal of older adults (40) . We defined independence as living in the community and able to perform 4 of 5 ADLs without the assistance of others. We chose this definition to set a high bar to categorize someone as no longer being independent since loss of independence with one ADL may not necessarily be viewed as a significant loss to many older adults. For example, the most commonly reported ADL disability is the ability to bathe independently, an impairment that may not result in loss of independence to the degree loss of other ADLs, such as independently eating, dressing, toileting, and transferring.
This study has several strengths, including a well-characterized cohort late in life, use of an objective measure of mobility, a comprehensive assessment of cognition, and measures of important confounding and mediating factors. Limitations include that the cohort is comprised only of women and the results may not be generalizable to men. However, women comprise more than two-thirds of the growing population of adults ≥85 years in the US (41) .
Both mobility and cognition are associated with the development of dependence and disability in women in the 9 th and 10 th decade of life even after accounting for each other and other predictors of disability. These data help to quantify the probability of the development of dependence and disability in women aged ≥85 years without existing disability and identify important risk factors for the development of disability. These findings can assist patients, caregivers, clinicians, and health care planners in anticipating future needs of older individuals.
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